 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 
Introduction WC-Co hardmetals are widely used as cutting tools and dies due to their high wear resistance and toughness [1] [2] [3] . Manufacturing WC-Co cemented carbides with fine grain size even nanometer scale is a good method to improve its properties. As an example, hardness and strength of WC-Co hardmetals can be improved by decreasing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 nanocrystalline (grain sizes <100 nm) cemented tungsten carbide remains a technological challenge because of their fast grain growth during sintering.
The consolidation of nanostructured WC-Co powder has been studied using a variety of techniques including the standard liquid phase sintering (LPS) [4] [5] [6] [7] [8] [9] , hot isostatic pressing (HIP) [10] , unconventional processes such as microwave sintering [11, 12] and spark plasma sintering (SPS) [13] [14] [15] [16] [17] [18] , high frequency induction-heated sintering (HFIHS) [19] [20] [21] , rapid omni compaction (ROC) [22] , pulse plasma sintering (PPS) [23] and ultrahigh pressure rapid hot consolidation (UPRC) [24] . Due to the high temperature during sintering, grain growth occurs very quickly and it explains that the finest average grain sizes of sintered WC-Co reported in the literature up to date, using nanograined powders, is around 200-300 nm. Considerable efforts have been dedicated to study the densification and grain growth control during sintering of the nanosized WC-Co powders in order to achieve the goal of obtaining fully dense nanostructured WC-Co materials.
One of the keys for controlling the grain growth of WC-Co composites is a suitable selection of additives as grain growth inhibitors. Vanadium carbide (VC) and chromium carbide (Cr 3 C 2 ) are the most effective grain growth inhibitors for this system thanks to their high solubility and mobility in cobalt phase at low temperatures [25] [26] [27] .
Moreover, the grain growth can be inhibited by using special sintering technologies allowing very high heating rates, increasing the densification rate, even at lower sintering temperature and shorter holding times, such as microwave sintering [28] , rapid hot pressing sintering [12, 29] , spark plasma sintering (SPS) [30] , and so on. In this sense, spark plasma sintering, that is also known as pulse electric current sintering 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 (PECS), is a newly developed sintering method, which enables a powder compact to be sintered by passing high pulsed electric current through the compact. It has been successfully used for composites, functionally graded materials and nanocrystalline materials. It is therefore highly interesting to investigate the effect of grain growth inhibitors on the WC grain growth and its mechanical properties when they are combined with the use of PECS sintering technique [31] .
In this paper, nanocrystalline WC-Co powders with different additions of VC/Cr 3 C 2 inhibitors were fully densified by SPS and HIP sintering methods at 1100 ºC. The effect of the amount of inhibitor in the density, microstructure, hardness and fracture toughness were investigated and compared with conventional sintering in vacuum at 1400 ºC.
Experimental procedure
The mixture used in this work was nanocrystalline WC-12Co powders with WC particle size of 30- estimated by applying the Palmqvist model to cracks generated by indentation, using the Shetty equation [32] . For the study of crystalline phases X-ray diffraction (XRD)
technique was used (Bruker Theta model D8 advance apparatus, fitted with a Cu filament). Scanning range (2θ) was varied from 20º to 90º and ICDD PDF-2 (2004) database was used for phase identification. The XRD analysis was carried out on the section perpendicular to uniaxial pressed direction.
Results and discussion Once the powders are put into the mould it is important to have information about the shrinkage of the sample. In the case of SPS sintering, this information can be obtained from the expansion or contraction of the system during the cycle. The evolution of displacement (piston travel) in function of time, pressure and temperature during SPS cycle for the three compositions studied is shown in Figure 2 . None of the curves shows an expansion in the compact, so in contrast with Cha et al. [30] has reported, there is no evidence of the formation of liquid phase during the sintering .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7
The addition of inhibitors does not significantly affect the contraction experimented during the SPS cycles. Only the mixture with VC added exhibited a delay in the displacement curve in comparison with the composition without additives. However, the maximum difference does not exceed 3%. It can be noted that more than 50% of the displacement happens during the pressure step until the maximum pressure is applied (80 MPa). It is in the second part of the heating step, from 650 to 1100 ºC, where it can be distinguished the differences in their behaviour. From this results, a more difficult densification for the sample with VC as assistive can be expected.
The relative density, porosity and WC average grain size of the mixtures fabricated by SPS, HIP and vacuum are shown in Table 2 However, density values obtained by the SPS technique are much higher than those 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 observed in the literature [15, 33, 34] . This is probably due to smaller particle size and increased pressure used during sintering process. If the particle size is smaller, the increase in surface area allows the diffusion phenomena in a higher degree and the final density is closer to the theoretical value.
XRD results show no evidence of η phase (Co 3 W 3 C or Co 6 W 6 C) formation in any of the compositions sintered by the three consolidation techniques. The absence of secondary phases confirms the efficacy of the addition of free carbon on the carbon content control of the material sintered in solid phase, even by rapid sintering processes. Figure 3 shows the XRD pattern of the NV composition after consolidation. It can be noted the peak height of WC (0001) plane in the material sintered by SPS is higher than in the samples obtained by other two processes. This indicates a certain degree of orientation of WC grains in the materials sintered by SPS, with a preference orientation of (0001) crystal planes perpendicular to uniaxial pressed direction.
The microstructure of materials consolidated by SPS and HIP can be observed in Figure   4 . In both processes, a microstructural inhomogeneity can be appreciated, which is typical for the solid phase sintering, with Co segregations and lack of wettability. This fact improves the interactions between carbides, promoting coalescence phenomena that are responsible for the grain growth [35, 36] .
In the absence of inhibitors, the SPS technique has allowed obtaining materials with the finest microstructure. This is due to the combination of low sintering temperature, similar to HIP process and a very short processing time. These are the optimal conditions for limiting grain growth if we consider that no additives are being used, because high temperature for liquid formation is avoided and long time that promotes   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Studies realized suggest the formation of a V or Cr rich thin interfacial layer which suppresses the WC dissolution. This film on the surface of WC grains contributes to the resistance to the diffusion of W [35] . As it has been previously explained, the short processing times for SPS sintering allowed the suppression of grain growth by limiting the diffusion phenomena. When the additives are used, they need a diffusion step or a reaction time in order to operate. As in the SPS sintering this time is too short, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 additives efficiency is lower in comparison with the other sintering techniques. It is important to note that when the results of SPS sintering are observed isolated, it can be seen the effect of the additives. Then, the combination of SPS sintering and inhibitors use improves the grain growth control. In any case, more studies are needed to understand the roles of these carbides on grain growth inhibition during solid state sintering.
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